ABSTRACT. The formation of a bond between a bacterium and a mineral is ultimately controlled by forces that operate over length scales of a few nanometers. This manuscript presents evidence that bacteria may actively modulate forces at the cell-mineral interface to promote contact with specific mineral phases. Nano-to pico-Newton forces were measured between goethite (FeOOH) and each of two species of Gram negative bacteria (Escherichia coli and Shewanella oneidensis) in aqueous solution of varying oxygen concentration. The interactions were dominated by electrostatic and steric forces as either bacterium approached to within 10 to 12 nm of the surface of goethite. The van der Waals force exhibited an influence on each bacterium-mineral pair at separations of ϳ2 nm. These types of nonspecific forces were all that were observed for the E. coli-goethite pair. However, S. oneidensis exhibited a selective disposition to form a specific bond with goethite, particularly under anaerobic conditions. These data suggest that S. oneidensis is able to perceive and recognize the surface of metal oxyhydroxides and regulate attractive forces at the cell-oxide interface. This may be a vestige of the close evolutionary linkage between iron oxyhydroxides and metal-reducing bacteria like Shewanella, which can use Fe(III) in the crystal structure of a mineral as a terminal electron acceptor.
Each cell is surrounded by a lipid-protein membrane called the outer membrane (OM). The outer face of the OM is composed of a lipopolysaccharide (LPS), which is made of three distinct parts: lipid A, which anchors the LPS into the OM; a core polysaccharide, which contains ketodeoxyoctonate and several hexose and heptose sugars; and an O-polysaccharide, which consists of strain-specific sugar residues (see fig. 1 ). The polysaccharide chains of the LPS extend 2 to 40 nm outwards from the cell wall, depending on the bacteria strain (Nikaido, 1996; Pink and others, 2003; Stoica and others, 2003) . The OM also contains a number of proteins composed of relatively long chains of amino acids. Some of these proteins are inducible and are expressed under specific physiological conditions, while others are constitutive or expressed under all growth conditions. The fact that the outer surfaces of both E. coli and S. oneidensis are very similar (see fig. 1 ) suggests that either bacterium should interact with goethite in much the same fashion. Nonspecific forces such as van der Waals and electrostatic interactions would be expected to governor how or if an interface is formed between goethite and E. coli or S. oneidensis. However, one must also consider the fact that S. oneidensis, unlike E. coli, has outer membrane proteins that are capable of shuttling electrons to Fe(III) in minerals under anaerobic conditions. (Myers and Myers, 1992 , 1997 Myers, 1998, 2001; Myers and Myers, 2003) . This has lead some researchers to conjecture that dissimilatory metal reducing bacteria like Shewanella, were among the first biological cells to inhabit and propagate the early Earth, which did not have oxygen as a terminal electron acceptor (Lovley, 1991; Vargas and others, 1998) . Presumably, these early metal reducing bacteria evolved the proteins that their present day counterparts possess for energy generating reactions in which electrons are Beveridge, 1981; Nikaido, 1996; Raetz, 1996; Rick and Silver, 1996; Beveridge, 1999; Madigan and others, 2003) . The force microscope used in this study allows one to probe forces between a mineral surface and biological molecules on a living cell. The force microscope is also capable of measuring the biomechanical topology of macromolecules (such as, outer membrane proteins) that form a bond with a mineral surface. Abbreviations are as follows: N-acetylglucosamine (GlcN), phosphate (P), ketodeoxyoctonate (KDO), heptose sugar (Hep), glucose (Glc), galactose (Gal), amino acid (AA), repeating amino acid residues (brackets with an "n" subscript). The Gram-negative strains used in this study (E. coli K12 and S. oneidensis MR-1) possess only the core oligosaccharide and lack the O-side chain (T. Beveridge, personal communication). shuttled from a bacterium to Fe(III) in the crystal structure of a mineral. It is possible that this intimacy between metal reducing bacteria and ferric containing minerals is preserved in the genetic makeup of a species such that S. oneidensis expresses a natural and selective affinity for metal hydroxides, like goethite, that may serve as terminal electron acceptors under deoxygenated conditions. This study presents evidence that S. oneidensis forms specific bonds with metal oxyhydroxides. This was accomplished by using a force microscope to probe inter-and intra-molecular forces between goethite and S. oneidensis versus E. coli. The observed force measurements were compared to theoretical models describing van der Waals, electrostatic, and steric forces between goethite and each of the two Gram-negative bacteria. These experiments indicate that E. coli and S. oneidensis perceive a mineral surface through intermolecular forces that operate over length scales of a few nanometers. S. oneidensis actively regulates forces at the goethite interface by targeting proteins to the cell wall, which in turn form specific bonds with goethite.
methods

Growth of Bacteria and Preparation of
Biologically-Active-Force-Probes E. coli K12 was purchased from BioRad Laboratories (Hercules, CA) and cultured in 25 g/L Luria-Bertani (LB) medium (Fisher Scientific, Pittsburg, PA) at 22 to 25 o C and pH ϳ7. S. oneidensis MR-1 (ATCC 700550) was purchased from the American Type Culture Collection (Manassas, VA) and cultured in LB medium or in defined M1 medium (Myers and Nealson, 1990 ) at 22 to 25°C. For anaerobic cultures of S. oneidensis, LB or M1 medium was supplemented with 15 mM lactate as the carbon and energy source and 2 mM ferric citrate as the electron acceptor.
For aerobic growth of each bacteria species, a glass bottle containing LB or M1 medium was inoculated with an overnight, aerobic culture and grown with vigorous aeration using a shaker table. Anaerobic growth of S. oneidensis was performed inside an anaerobe chamber (Coy Laboratory Products, Ann Arbor, MI) with anaerobic media and solutions. E. coli or S. oneidensis cells were harvested at mid to late exponential growth phase by centrifugation. These cells were rinsed in sterile NaCl solutions and used immediately to fabricate biologically-active-force-probes.
Biologically-active-force-probes were created with E. coli or S. oneidensis cells as described previously (Lower and others, 2000; Lower and others, 2001b; Kendall and Lower, 2004) . Briefly, glass beads (ϳ10 m diameter) were coated with amino-silane, washed to remove excess silane, and then placed in a suspension of bacterial cells. A single bacteria-coated bead was then attached to the end of a silicon nitride cantilever with epoxy. As shown previously (Lower and others, 2001a) , the silane molecule does not have any impact on the observed forces as it is confined to the interface between the bacteria and glass bead, rather than the surface of the bacteria that will interact with a mineral during force measurements. Further, the silane linker did not appear to harm the cells as the bacteria were still viable after their use. This was confirmed by placing a biologically-active-force-probe on an agar plate subsequent to force measurements. For the data presented herein, a distinct, single colony was observed under the end of each of the cantilevers.
Scanning laser confocal microscopy was used to image each force-probe prior to its use in the force microscope (Lower and others, 2000) . Prior to fabricating biologically-active-force-probes, bacteria were transformed with a plasmid for the green fluorescence protein, pSMC2, kindly provided by G. O'Toole (Lower and others, 2000; Lower and others, 2001a) . The position of E. coli or S. oneidensis cells on a cantilever could be imaged by detecting the fluorescent signal emitted by living cells. It was impossible to control the orientation of bacterial cells on a bead attached to the cantilever. Therefore, the true contact geometry of a bacterial cell is not known.
Biological Force Microscopy Measurements and Data Analyses
Commercial force microscopes (NanoScope IIIa Multimode SPM and NanoScope IV Bioscope, Veeco-Digital Instruments) were used to measure attractive or repulsive forces between each of the two bacterial species and the (010) face of goethite (FeOOH) in aerobic or anaerobic solutions at circumneutral pH and 10 to 100 mM NaCl. Forces were measured as a bacterium approached and was subsequently retracted from the surface of goethite. Approach force data were compared to theoretical models describing nonspecific forces such as van der Waals, electrostatic, and steric forces between a bacterium and the surface of goethite. Retraction force data were searched for evidence of specific forces of interaction between a bacterium and goethite. The operation of a force microscope has been described previously (Lower and others, 2000; Lower and others, 2001b) . The specifics of these particular force measurements are described in detail by Lower and others (see this issue of the American Journal of Science). It should be noted that atomic force microscopy, biological force microscopy, and force microscopy are all names describing the same force measuring technique.
results
In a typical experiment, approach and retraction forces were measured after varying the contact time between goethite and either S. oneidensis or E. coli in aerobic or anaerobic solutions. 755 between a bacterium and mineral bacterium-goethite interface upon approach of the cells towards the mineral. As S. oneidensis approached to within 8 nm of the goethite surface, attractive forces caused the bacterium to make contact with the mineral to a maximum force of 0.2 nN ( fig. 2 ). E. coli experienced similar forces with the exception that a repulsive force of ϳ0.05 nN preceded the attractive "jump to contact" feature, which was observed to occur at a separation of 4 nm ( fig. 2 ). Another notable difference was that the maximum attractive force between E. coli and goethite (-0.05 nN) was less than that for goethite and S. oneidensis (-0.20 nN) . In general, the forces measured upon approach were similar for either of the two species of Gram negative bacterium. Neither bacterial species experienced any type of interaction until they were within 10 nm of the mineral surface. Further, both E. coli and S. oneidensis experienced an attractive force once contact was established with the (010) surface of goethite. Figure 3 shows the retraction measurements collected between goethite and each of the two bacteria species. E. coli exhibited an average adhesive force towards goethite of ϳ0.35 nN. While a few retraction traces exhibited longer range force interactions, E. coli typically broke free of any force fields at a distance of ϳ10 nm (see fig. 3 ). This separation length is similar to the distance at which E. coli first felt the goethite surface upon approach (see fig. 2 ).
S. oneidensis, on the other hand, exhibited a very different relationship with goethite upon being pulled away from the mineral surface ( fig. 3 ). The S. oneidensis retraction curves display a much stronger affinity at contact particularly under anaerobic conditions. Another notable difference is the jagged, "sawtooth" like profile, which appear to be a hallmark signature for S. oneidensis interactions with goethite under anaerobic conditions. These sawtooth features are regions of the retraction curve where the force increases nonlinearly and then recoils back towards zero force. Some sawteeth extend outwards for more than 500 nm. It should be noted that the amount of contact time played a significant role in determining whether sawtooth patterns were detected in the retraction profiles. There was a very strong, positive correlation between the amount of time S. oneidensis spent in contact with goethite and the number of sawtooth features detected in the retraction profiles. In general, contact times greater than 20 to 30 minutes resulted in far more sawtooth features in the force curves. No such relationship was noted for E. coligoethite retraction curves. As mentioned above, most retraction traces between E. coli and goethite did not even contain sawtooth signatures.
discussion
The results discussed above present quantitative measurements of pico-to nanoNewton forces between the (010) surface of goethite and each of two living bacteria (E. coli and S. oneidensis) in aqueous solution. These measurements reveal two distinct force-distance relationships between a bacterium and mineral, that is, those forces observed upon approach of a cell towards a mineral versus the force-distance relationship observed when a cell is pulled from contact with a mineral. These two data sets will be interpreted with several well-established theoretical constructs that describe forcedistance relationships between surfaces. The discussion below will demonstrate that the approach data describe nonspecific intermolecular forces that govern the approach of a bacterium towards the mineral; whereas the retraction data probe specific interactions between goethite and macromolecules on the outer surface of a bacterium.
Over fifty years ago, four scientists presented a theory that is now widely known as the DLVO model (Derjaguin and Landau, 1941; Verwey and Overbeek, 1948) . Originally developed to understand dispersion and aggregation phenomena of colloids in solution, it has since been used to study the intermolecular forces at the cell-mineral interface. The DLVO theory sums van der Waals and electrostatic interactions to determine attractive or repulsive energy (E in Joules) or force (F in Newtons) as a function of the distance (D) between a bacterium and mineral in aqueous solution. Force and energy are related via F(D) ϭ ϪdE(D)/dD, which defines the force at a specified distance as the negative of the energy gradient at that distance. In general, the van der Waals force is attractive, while the electrostatic force may be attractive for particles of unlike charge, or repulsive for particles with the same sign of charge.
The van der Waals expression describing the interactions between a bacterium, treated as a sphere, and goethite, treated as a flat plane, is given by (Israelachvili, 1992; Butt and others, 1995; Leckband and Israelachvili, 2001 )
where, H a is the Hamaker constant (in J), D is the separation distance (in m) between the sphere and flat plane, and r (in m) equals the radius of the sphere. The van der Waals force arises because of spontaneous electrical and/or magnetic polarizations between particles at close separation (Israelachvili, 1992; Elimelech and others, 1995) . The electrostatic force, which arises between charged particles, is a more complicated interaction to model. Commonly, this force type is described by approximating a solution to the Poisson-Boltzmann equation, which provides a mathematical relationship between a particle's charge density and electrical potential in an electrolyte solution (Elimelech and others, 1995) . Among the most common approximations cited in the literature are the linear superposition approximation of Gregory (1975) and the constant potential approximation of Hogg and others (1966) . The reader is referred to Elimelech and others (1995) for a thorough description of these and other approximations such as the constant charge approximation. between a bacterium and mineral Gregory's linear superposition model (1975) for electrostatic forces between a sphere and flat surface is:
where D and r are defined as above, ε is the dielectric constant of water (78.54 at 298 K), ε 0 is the permittivity of free space (8.854 ϫ 10
, T is temperature (in K), z is the valence of electrolyte ions (1 for NaCl), and e c is the charge of an electron (1.602 ϫ 10 Ϫ19 C). The inverse Debye length (, in m Ϫ1 ) describes the thickness of the diffuse double layer of counterions that surrounds charged particles in solution. For monovalent electrolytes at 298 K, the Debye length ( Ϫ1 , in nm) is given by 0.304/(c) 1/2 , where c is the concentration of the electrolyte (mol L Ϫ1 ). The final parameter in Gregory's equation is the dimensionless surface potential (␥) described as
where x is the surface potential (in V) of particle "x", and the other parameters (z, e c , k B , and T) are as defined above.
Hoggs' constant potential model (1966) for electrostatic forces between a sphere and flat surface is:
where parameters are as defined above. The reduced potential ( x ) of particle "x" (that is, a bacterium or mineral) is equal to (z e c x /k B T). In most cases, a particle's zeta potential (, in V) is used as a proxy for the surface potential () in equations describing the electrostatic force. Figure 4 shows the theoretical van der Waals and electrostatic forces between goethite and a Gram negative bacterium under different conditions. The surface potential (or surface charge) and Hamaker constant for these particular bacteriamineral-solution systems were taken from values published in the literature (table 1) . Both the van der Waals and electrostatic forces are expected to be attractive for either bacterial species interacting with goethite (see fig. 4 ). Neither force is expected to extend beyond a length scale of ϳ10 nm. In general, the electrostatic force is expected to be larger range than the van der Waals force. Although, for a Hamaker constant of 10 Ϫ20 J in 0.1M NaCl, the range of the van der Waals force is the same as that of the electrostatic force even with a bacterium surface potential as high as Ϫ80 mV (and a mineral surface potential of 80 mV). For the most part, the electrostatic force is predicted to be larger than the van der Waals force until the separation is Ͻ1 nm (data not shown on fig. 4 ).
Summing the electrostatic and van der Waals forces leads to the theoretical DLVO description of the interactions between goethite and either S. oneidensis or E. coli. Figure 2 provides a comparison of the measured and theoretical forces between each of the two bacteria species and goethite. Intermolecular forces between S. oneidensis and goethite are well described by the linear superposition approximation (Gregory, 1975) for a bacterium with a radius of 0.5 m and a surface potential of Ϫ80 mV (Ϫ84 mC m Ϫ2 ) interacting with a mineral that has a surface potential of 80 mV (84 mC m Ϫ2 ). The Hamaker constant for the S. oneidensis-goethite pair was selected as 10 Ϫ21 J. These parameters (surface potential values and Hamaker constant) were taken from the literature (table 1) .
There is a notable discrepancy between the observed forces and theoretical description at separations Ͻ6 nm for the S. oneidensis-goethite system (see fig. 2 ). The measured forces are significantly less than predicted at this length scale. A potential reason for this has to do with the spring constant of the cantilever used in these force measurements. When the actual force gradient between two surfaces exceeds the spring constant of the cantilever (0.07-0.11 nN nm Ϫ1 for the cantilevers used in this research), the cantilever jumps to contact. So called "jump to contact" features are common with force microscopy investigations, which detect attractive forces as two surfaces come together. At a distance of ϳ6 nm the theoretical force gradient (the gradient between 4 and 6 nm is ϳ0.125 nN nm Ϫ1 ) begins to exceed the spring constant of the cantilever. Therefore, the disparity between the measurements and DLVO theory may be due to the instrument itself. An alternative explanation is that the inherent surface roughness of a bacterium and/or mineral may lead to a decrease in the observed forces. Recent work on the theoretical aspects of DLVO theory suggests that a particles' surface roughness is expected to decrease the magnitude of intermolecular forces between two surfaces (Cooper and others, 2000; Hoek and others, 2003) . The van der Waals and electrostatic equations (eqs 1, 2, and 4) shown in this paper were derived for smooth surfaces.
Contrary to the case with S. oneidensis, the E. coli-goethite system cannot be adequately described by the DLVO theory for any reasonable parameters selected from (2) or (4) were used to determine the electrostatic force, where the surface potential of the mineral was 80 mV and that of a bacterium (with a radius of 0.5 m) was selected as Ϫ20 mV or Ϫ80 mV (two curves with open circles). The ionic strength (IS) was selected as 0.1 M NaCl to calculate the electrostatic force. Equation (5) was used to determine the steric force, where the density and thickness of the lipopolysaccharide (LPS) layer was chosen as 2 ϫ 10 17 to 5 ϫ 10 17 m Ϫ2 and 2.7 nm to 4.8 nm, respectively (two curves with open squares). The parameters for these three force types (van der Waals, electrostatic, and steric) were taken from table 1. Positive forces represent repulsive forces, whereas attractive forces take on a negative sign. Also shown are the observed approach forces (bold black curves) between goethite and E. coli or S. oneidensis taken from figure 2. Table 1 Bacteria and mineral surface properties used to determine theoretical van der Waals, electrostatic, and steric forces between goethite and either E. coli or S. oneidensis. † All surface potential or surface charge data are for particles in solution at pH ϳ 7. The surface potential or surface charge value in parentheses was calculated according to the Graham equation (Stumm, 1992) : ), and all other parameters are as defined in the text. Sources cited for surface potential measurements actually determined a particle's zeta potential () rather than a true surface potential (). table 1. This is because the van der Waals and electrostatic forces are expected to be attractive at all separations (see fig. 4 ). However, the measurements reveal a repulsive force between E. coli and goethite at a range of 4 to 10 nm (see fig. 2 ). The observed repulsive force may be due to non-DLVO type of forces such as steric interactions (Israelachvili and McGuiggan, 1988; Israelachvili, 1992) . Steric forces may arise between two particles if at least one of the particles contains a polymer layer on its surface. As the two surfaces approach one another, the polymers become confined to the intervening space and they are no longer free to move at random. This loss of dynamic movement for chain molecules creates an entropic repulsive force at close separation.
Steric interactions, like DLVO forces, have been described in terms of energydistance relationships (Alexander, 1977; de Gennes, 1987) . Based on these prior descriptions, Butt and others (1999) and Camesano and Logan (2000) derived a theoretical force-distance relationship between a sphere and a flat surface, one of which is coated with a polymer. This steric force is given as (Butt and others, 1999) :
( 5) where L 0 is the equilibrium thickness of the polymer (in m), ⌫ is the density of the polymer on the surface (in m Ϫ2 ), and all other parameters are as defined above. Figure 4 shows the steric force for a Gram-negative bacterium interacting with goethite using values for biopolymer thickness and surface density taken from the literature (table 1). The observed forces between E. coli and goethite are modeled reasonably well when the repulsive steric force is added to the van der Waals and the constant potential approximation of the electrostatic force (see fig. 2 ). Both the measured forces and the "extended" DLVO theory reveal an initial repulsive force between E. coli and goethite that is overcome by an attractive force at very close separation.
In the context of bacterial recognition of a mineral surface, which is the objective of this paper, the approach force data provide some very important information. The magnitude and range of the measured forces can be described in terms of nonspecific forces of interaction such as, van der Waals, electrostatic, and steric forces. All of these force types are very short range in these solution conditions. The bacteria must get to within 5 to 10 nm of goethite before the cell senses the presence of the mineral. In other words, a bacterium must come into direct physical contact with a mineral before it has a chance to recognize that surface. However, these approach force data do not provide evidence of specific interactions between goethite and either bacteria. The retraction force data, on the other hand, contain information about the energetic affinity between a bacterium and goethite and details about specific biopolymers that may form a bond with goethite. Figure 3 illustrates the forces recorded as E. coli or S. oneidensis were pulled away from the mineral surface. Force profiles between E. coli and goethite are relatively simple showing, in most cases, that E. coli can be separated from the mineral within a few nanometers. S. oneidensis, conversely, remained linked to the surface of goethite for hundreds of nanometers resulting in more complicated retraction profile (see fig. 3 ).
The overall characteristics of retraction curves can be described in terms of the maximum force recorded at a distance of zero, the so-called "adhesion force". For the Shewanella-goethite bacteria-mineral pair, this would seem to be an oversimplification of the retraction data because the adhesion force is only one point on the entire retraction profile. The energy or work required to separate a bacterium from a mineral can be quantified by numerically integrating the retraction force profiles with respect to distance (Lower and others, 2001a) . This provides a physically relevant parameter that takes into account the entire retraction data.
Even though the surfaces of S. oneidensis and E. coli are very similar ( fig. 1 ), there is a striking difference in the energetic affinity for goethite exhibited by these two Gram negative bacteria. Integrating force with respect to distance for retraction curves like those shown in figure 3 yields an average affinity between E. coli and goethite of 7 Ϯ 3 attoJoules (10 Ϫ18 J). This affinity was indifferent to oxygen concentration. Ionic strength, rather than oxygen concentrations, appears to have a much stronger impact on retraction forces for E. coli (see Lower and others, 2000) . Also, the work to separate the bacterium from the mineral did not change with the amount of time E. coli remained in contact with goethite (up to 30 min).
The situation was very different for S. oneidensis. The affinity between S. oneidensis and goethite was determined as 144 Ϯ 44 aJ (10 Ϫ18 J) under anaerobic conditions when S. oneidensis remained in direct physical contact with goethite for 20 to 25 minutes (see also Lower and others, this issue of the American Journal of Science). When S. oneidensis was placed in contact with goethite for only 5 min under anaerobic conditions, the energetic attraction was only 60 aJ (Lower and others, 2001a) . The solution concentration of oxygen also impacted the energetic affinity of S. oneidensis towards goethite. Under aerobic conditions, only 25 aJ of energetic affinity was observed between S. oneidensis and goethite, regardless of the amount of "contact time" between the cells and mineral (Lower and others, 2001a ). Finally, it should be noted that forces have been measured between S. oneidensis and diaspore (AlOOH) (Lower and others, 2001a; Lower and others, see 
this issue of the American Journal of Science).
Diaspore has very similar surface properties to goethite, but the Al in the mineral structure of diaspore cannot serve as a terminal electron acceptor for microorganisms. S. oneidensis expressed a significantly smaller affinity for AlOOH (ϳ40 aJ) relative to FeOOH (ϳ140 aJ, see above) under anaerobic conditions. These energy or work determinations can be summarized into a few key points. First, S. oneidensis exhibits a much higher affinity for goethite relative to another Gram-negative bacterium. Second, S. oneidensis has a selective affinity for iron oxides relative to other minerals like aluminum oxides, which have very similar surface properties. Third, S. oneidensis alters its affinity for iron oxyhydroxides as a result of the oxygen concentration in the intervening solution. A higher affinity is noted for S. oneidensis towards goethite under anaerobic conditions when Fe(III) in the mineral is the only available terminal electron acceptor. Fourth, a period of time is necessary for S. oneidensis to recognize the surface of goethite. Presumably, this is due to the amount of time it takes a cell to express and/or localize macromolecules to the bacteriummineral interface. Taken together, the energy determinations suggest that S. oneidensis possesses a rare trait of being able to recognize certain minerals such that it expresses a selective affinity for these minerals under environmental conditions that would maximize its chance for survival in nature.
While the energy or work calculations provide a suitable means of characterizing the overall attributes of the retraction data, it would be useful if one could provide evidence that specific macromolecules, like proteins, are targeted by S. oneidensis to the cell-mineral interface. Such information can, in fact, be established by looking for force-signatures that are characteristic of proteins that form a bond between a bacterium and mineral. Lower and others (2005) have shown that sawtooth-like force signatures denote protein bonds between a cell and solid surface.
The retraction profiles between E. coli and goethite are void of all but an occasional sawtooth (see fig. 3 ). However, retraction profiles for S. oneidensis and goethite contain discrete sawtooth features ( fig. 3 ). This indicates that outer membrane proteins are used by S. oneidensis, but not E. coli, to form a specific bond with goethite. Protein force-signatures are primarily detected between S. oneidensis and goethite under anaerobic conditions when Fe(III) may have served as terminal electron acceptor. This phenomena is described in more detail by Lower and others (see this issue of the American Journal of Science). Taken together, these observations suggest that S. oneidensis recognizes the surface of goethite as a terminal electron acceptor such that it increases its affinity for FeOOH and targets putative mineralspecific proteins to promote contact with the mineral and perhaps transfer electrons to the mineral.
conclusion
The ability to probe forces between a living bacterium and another surface is providing an entirely new awareness of the way bacteria perceive solid phases such as minerals. This manuscript has presented quantitative measurements of the forces of attraction (or repulsion) between goethite and two Gram negative bacteria species: E. coli and S. oneidensis. One of these bacteria, S. oneidensis, expresses a selective affinity towards goethite under conditions that would promote its survival in the environment. Intermolecular forces measured as S. oneidensis approached the (010) face of goethite were very short range (Ͻ8 nm). This means, in essence, that S. oneidensis must come into physical contact before it senses the presence of the mineral surface. Once in contact with the mineral, a period of time of more than ϳ15 to 20 minutes is necessary for S. oneidensis to recognize goethite as a potential terminal electron acceptor. Such recognition is highly selective as S. oneidensis appears to differentiate between Fehydroxides and closely related minerals such as Al-hydroxides, which have similar surface properties but cannot serve as terminal electron acceptors. Recognition triggers the expression and/or localization of putative mineral-specific proteins that direct natural forces of affinity towards goethite, presumably to enhance electron transfer between the bacterium and Fe(III) in the crystal structure of the mineral.
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